We present a 21cm line H I self-absorption (HISA) survey of cold atomic gas within Galactic longitudes ℓ = 75
1. Introduction
Mapping Cold Galactic H I
The cold (T 100 K) phase of neutral atomic hydrogen gas (H I) is an important probe of the mass, structure, and evolutionary state of the Galactic interstellar medium (ISM). Although it occupies only a small fraction of the ISM volume (Kulkarni & Heiles 1988) , cold H I contains ∼ 30% of the total gas mass near the Sun (Wolfire et al. 2003) . On sub-parsec scales, cold H I clouds display significant structure (Gibson et al. 2000 , hereafter Paper I; Brogan et al. 2005 ) that may be shaped by shocks, turbulence, or magnetic fields. On kiloparsec scales, the cold H I distribution may trace spiral structure in the Galactic disk (Gibson 2002; Gibson et al. 2004) . Cold H I may even offer a window into the process of molecular condensation. It is often found with molecular gas in the quiescent environments needed for star formation (Knapp 1974) , and it can be used to study turbulent diffusion (Willacy, Langer, & Allen 2002) and cosmic-ray dissociation (Li & Goldsmith 2003) inside molecular clouds. But cold H I without apparent molecular gas is also found (Garwood & Dickey 1989 ; Paper I), sometimes at temperatures too cold for standard equilibrium ISM models to explain easily (Wolfire et al. 2003 ); such gas may be cooling and forming H 2 .
Investigating these issues thoroughly requires mapping cold H I over large areas, but this is not straightforward. The principal H I tracer, 21cm line emission, does not show cold gas conspicuously, since the line brightness is independent of temperature when optically thin and proportional to temperature when optically thick (Gibson 2002 ). In fact, since H I column densities computed from 21cm line emission presume optically thin conditions, they miss much of the coldest, densest H I and underestimate the total mass. However, the inverse dependence of optical depth on temperature allows cold H I to be readily examined in absorption. H I continuum absorption (HICA) studies find that typically 30% of the total H I mass is missed by emission columns in the Galactic plane Strasser & Taylor 2004) , with almost 50% missed in some cases (Dickey & Benson 1982) . HICA is thus a valuable probe of the cold H I phase, but the discrete nature of most continuum backgrounds compromises HICA's ability to map the cold gas distribution. A more suitable alternative is H I self-absorption 1 (HISA), which arises from H I gas with an excitation temperature colder than the background H I brightness temperature. Since the total Galactic H I brightness is 100 − 150 K, HISA has a built-in temperature filter that allows it to trace cold gas exclusively. Like HICA, HISA requires suitable backgrounds, but bright H I emission is found over large, continuous areas at low latitude. As a result, HISA is an excellent tool for mapping the structure and distribution of cold Galactic H I.
HISA Observations
A thorough HISA survey of the cold H I population requires high angular resolution, high radial velocity resolution, and broad sky coverage. The first two provide a detailed view of HISA structure, with reduced dilution of spatially and spectrally sharp absorption features, and refined estimation of the unabsorbed H I brightness, as measured near HISA feature edges in space and velocity. The third permits the study of a large population of objects, unbiased by any target preselection (e.g., molecular clouds), allowing the cold H I properties to be examined in the context of the larger environment.
Due to the effort and resources required, a HISA survey incorporating all three ingredients has never been published; the closest approximation is the Boston University Arecibo H I survey, only part of which is Nyquist sampled (Kuchar & Bania 1994 ; T. M. Bania 2005, in preparation) . Two prior Arecibo mapping surveys consisted of longitude-velocity or latitude-velocity strip-maps only (Baker & Burton 1979; Bania & Lockman 1984) . Other HISA surveys have targeted known molecular clouds with single-dish telescopes and little or no imaging (Knapp 1974; McCutcheon, Shuter, & Booth 1978; Levinson & Brown 1980; Snell 1981; Sandqvist, Tomboulides, & Lindblad 1988; Li & Goldsmith 2003) , and until recently only a few isolated objects have been observed with synthesis telescopes (Radhakrishnan et al. 1972; Chu 1975; Landecker, Roger, & Higgs 1980; Read 1980 Read , 1981 Dewdney & Roger 1982; van der Werf, Goss, & Vanden Bout 1988; van der Werf et al. 1989; Feldt 1993; Schwarz et al. 1995; Lebrón & Rodríguez 1997) .
Fortunately, new technological advances have made H I synthesis surveys over large areas possible. One such effort, the Canadian Galactic Plane Survey (CGPS; Taylor et al. 2003) , is the basis of this paper. The CGPS combines a hexagonal grid of full-synthesis fields with single-dish observations to enable the detection of all scales of H I structure down to the synthesized beam. The CGPS H I data have a 58
′′ × 58 ′′ cosec(δ) beam, 0.824 km s −1 velocity sampling, and a field-center noise of T rms ∼ 3 K in empty channels; T rms doubles not imply that the absorbing and emitting gas are intermixed or even close together along the line of sight (Burton, Liszt, & Baker 1978) , although these possibilities are not excluded.
when the 107 ′ primary beam is filled with 100 K emission, and it can be up to 60% greater between field centers. The initial phase of the survey mapped a 73
• × 9
• region along the Galactic plane with longitudes 74.2
• ≤ ℓ ≤ 147.3
• and latitudes −3.6
• ), and extensions in both ℓ and b have followed. This paper deals solely with the Phase I CGPS, which we shall call simply "the CGPS" for brevity. Paper I gave a preliminary view of HISA in the CGPS, including many small-scale features masked by beam dilution in single-dish surveys. Larger-scale HISA features have also been found in CGPS data by Higgs & Tapping (2000) , Knee & Brunt (2001) , and Higgs et al. (2005) . Two other major synthesis surveys, the Southern Galactic Plane Survey (SGPS; McClureGriffiths et al. 2001b ) and VLA Galactic Plane Survey (VGPS; Taylor et al. 2002) , have abundant and intricate HISA populations as well (McClure-Griffiths et al. 2001a; Kavars et al. 2003; Gibson et al. 2004 ).
A Large-Scale HISA Survey
Following the first look at CGPS HISA given in Paper I, this paper presents a large HISA survey over the entire 73
• CGPS. Our intent is to chart all of the cold H I in the CGPS that is readily detectable as HISA so that the feature population can be studied over a wide area with minimal selection bias.
A companion paper (Gibson et al. 2005a ; hereafter Paper III) describes the automated algorithms used in this paper to locate HISA features in the H I data cubes and extract them for analysis. Our technique seeks out dark features in the H I data with abundant small-scale structure in space and velocity. This approach succeeds in finding most of the HISA that is conspicuous to the eye. Maps of the detected HISA trace a rich array of cold H I features over the breadth of the CGPS, including a froth of low-amplitude HISA and a number of elaborate complexes of stronger absorption. The weak absorption seems well mixed with the general H I emission and may arise from small turbulent fluctuations in velocity and temperature in the ISM. Many of the stronger absorption features appear to probe cold atomic gas in the velocity reversal of the Perseus spiral arm and may trace evolving material in the arm.
Below, we summarize our method of HISA identification and extraction ( §2), present the features it finds in the CGPS ( §3), and consider the spatial and velocity distributions of the HISA ( §4). Detailed analyses of the properties of the HISA features and their degree of correspondence with molecular gas will be presented separately (Gibson et al. 2005b) . Early results from some of this work have been discussed in Gibson (2002) .
HISA Identification and Extraction
In past HISA studies, visual inspection sufficed for identifying self-absorption features, but the large amount of data in a survey like the CGPS makes this impractical. Visually identified HISA is also unlikely to be selected in a uniform or repeatable manner. To address these concerns, we have developed an automated means of searching for HISA in 21cm spectral line data. We have also developed a method of interpolating the T OFF brightness around the feature in (ℓ, b, v) space to obtain the best-constrained estimate of the unabsorbed brightness T U that would be observed at the feature position in the absence of HISA. From this, the absorption amplitude of the feature is obtained as ∆T ≡ T ON − T U , where T ON is the brightness temperature on the feature, and ∆T < 0. Full discussions of the workings and evaluation of our HISA search and extraction software are presented in Paper III, but we summarize key aspects here.
Our search method is conservative: we seek H I features that can only be identified as HISA. Following the criteria of Paper I, such features have narrower line widths than most emission, steeper line wings, more small-scale angular structure, and a minimum background H I brightness. The last condition excludes narrow gaps between sharp-edged emission features, which are more common in the absence of bright backgrounds. Using a variant of the CLEAN algorithm of Steer, Dewdney, & Ito (1984) , we iteratively remove large-scale emission features from the H I data and flag significant negative residuals as HISA. The CLEAN is performed separately in the spectral and spatial domains, and only features satisfying both searches are retained. T U is then estimated by interpolating the T OFF brightness around the feature in 3-D. HISA detections with T U < 70 K are rejected. Detections where the survey noise is unacceptably high are also rejected as untrustworthy. The CLEAN filtering removes HISA on the largest spectral and spatial scales, but some of this larger structure is recovered by subtracting the flagged absorption from the H I data and rerunning the search. A total of 3 search+extraction iterations were applied to the CGPS data.
The search software was tuned to find as much visually identifiable HISA as possible while minimizing false detections. It was then tested extensively with model H I data containing random backgrounds, absorption features, and noise. The absorption extracted by the software was compared to that put into the models, and the software performance was evaluated as a function of four "observables": ∆T , T U , ∆θ, and ∆v, where the latter two measure the local angular and velocity widths of features. Within this 4-D parameter space, we measured f det , the fraction of input HISA detected, f true , the fraction of output HISA that represents true detections, and ∆∆T , ∆∆θ, and ∆∆v, the measurement drifts between input and output (∆T U = −∆∆T ).
We found that HISA meeting our design criteria is generally well detected: f det is high for HISA significantly stronger than the noise level, larger than a few beams, narrower than a few km s −1 , and with T U 80 K. At the same time, the bulk of HISA detections are reliable, with f true near unity in most parts of the parameter space except those occupied by beam-scale noise fluctuations. Measurement drifts are small in well-detected features, with |∆T | and T U being underestimated by a few K due to contamination of T OFF by faint, undetected HISA near the feature. Where detections are truncated by noise fluctuations or faint T U , the bias may be somewhat larger. ∆∆θ and ∆∆v are both negative in most cases, since incomplete detection makes features appear smaller and narrower. In practice, these effects manifest as the stronger-absorption cores of HISA features being detected when some weaker-absorption envelopes may be missed.
Absorption Amplitude Maps

Constraints on the Survey Area
The CGPS H I data are released in 5.12
• × 5.12
• × 211 km s −1 (1024 × 1024 × 256) cubes. All 36 of the Phase I cubes were processed with the HISA identification and extraction software described in §2. The results were then merged into a single data set covering the full CGPS 2 . Figure 1 shows side-by-side (ℓ, b) and (ℓ, v) projections of these data, in which ∆T is integrated over v and b respectively. The ∆T (ℓ, b, v) data are sparse enough that most features are readily located in 3-D by comparing the two projections. Figure 1 is divided into four longitude subranges matching those of Figure 7 of Taylor et al. (2003) .
Noise Limits
The total area mapped by the 193 overlapping fields of the CGPS is 656.2 deg 2 , but this includes synthesis field peripheries with substantial noise. To maximize the reliability of our survey, HISA voxels were required to have CGPS field mosaic weights w m ≥ 0.382, the lowest weight that occurs between synthesis field centers. Since w m ∝ σ −2 noise , this allows a maximum noise of 1.618 times the field center value (see Taylor et al. 2003) , which is typically 5 − 7 K for the T U ∼ 70 − 130 K levels of our HISA features. Such peripheral clipping and the additional exclusion of 20 ′ strips at mosaic edges by the spatial search algorithm (see Paper III, Fig. 3 Figure 2 marks the boundaries of this area.
HICA Contamination
Figure 2 also plots contours of 21cm continuum emission (shown in grayscale in Figure 7 of Taylor et al. 2003) . Where the continuum is bright, HICA may "contaminate" the cold H I sampled by HISA in two different ways: by adding absorption where the H I background is too faint for HISA, or by allowing warmer gas to contribute to the absorption than HISA would by itself, since the maximum temperature of the absorbing gas is the brightness temperature of the background H I + continuum. Both problems are exacerbated by the spotty nature of most bright continuum emission, which adds artificial absorption structure to the HISA map.
Our HISA identification software excludes sight lines with HICA strong enough for T ON to be significantly less than zero (Paper III). Apart from special cases involving polarization (Kothes, Landecker, & Wolleben 2004) , weaker HICA cannot be separated cleanly from the HISA without knowing the properties of the absorbing gas. In the 4-component radiative transfer model of Paper I, the total HISA+HICA amplitude is
where T S is the "spin" (excitation) temperature of the absorbing gas, τ is its optical depth, p is the fraction of T U originating behind the absorbing gas, and T C is the continuum brightness temperature; all of T C is assumed to originate in the far background for simplicity. The absorption from HISA alone is found by setting T C = 0 in Equation (1), so its fraction of the total is
For T OFF = 100 K, T C = 20 K, and p ≤ 1, this ratio is ≤ 0.71 for T S = 50 K and ≤ 0.82 for T S = 10 K. Higher fractions obtain if some of the continuum emission lies in front of the absorbing gas. Constraining the radiative transfer adequately to separate HISA from HICA is beyond the scope of this paper. Fortunately, most detected CGPS HISA is largely HICA-free, with only a smooth, faint T C ∼ 5 K background from Galactic synchrotron and cosmic microwave background radiation. The two most significant exceptions are a small area around the bright H II region W3 (ℓ = 133.81
• ; e.g., Normandeau 1999) and a larger area in the extensive Cygnus X complex of H II regions and supernova remnants (77
• ; e.g., Wendker, Higgs, & Landecker 1991) . The bulk of the remaining HICA is in compact features scattered across the CGPS area ( Fig. 2 ; see Strasser & Taylor 2004 for a survey). A prominent example is the ultracompact H II region DR 7 (ℓ = 79.32
• , b = +1.29
• ; Wendker & Wrigge 1996), which produces HICA over a wider velocity range than the HISA near v LSR ∼ 0 km s −1 in Figure 1 .
T U Restriction
In addition to the boundary marked in Figure 2 , HISA detections are also restricted by the requirement that T U ≥ 70 K, since HISA needs bright H I backgrounds for it to arise and to be clearly detected ( §2). The effects of this constraint are illustrated in Figure 3 , which plots approximate T U = 70 K contours over (ℓ, b) and (ℓ, v) maps of detected HISA. These contours are taken from T max maps of 20 ′ -smoothed CGPS H I emission, where T max is the brightest value along the projected axis, thus indicating positions where suitable HISA backgrounds may occur. The actual T U used in the HISA identification software is difficult to show in 2-D, but these smoothed maps give a reasonable indication of where HISA detections are possible. Their 70 K levels correspond closely to a number of sharp edges of the HISA distribution. The cold H I gas traced by the HISA may continue beyond these apparent edges in many cases. Given the large number of Galactic H I sight lines and velocities for which T U < 70 K, it is important to emphasize that the detected HISA population may represent only a small subset of the total cold H I population. The (ℓ, b) area enclosed by this T U contour is 398.0 deg 2 . In §4, we will consider the fraction of this area covered by detected HISA of different strengths, along with other survey completeness issues.
General Appearance
A detailed analysis of the general HISA distribution is given in §4, and a full discussion of HISA gas properties and correspondences with molecular material will be presented in a separate paper. However, a few points require initial comment. Figure 1 shows a broad swath of HISA over the entire length of the survey. The detection of this HISA immediately confirms that gas radial velocities do not change monotonically with distance in the outer Galaxy (e.g., from pure differential Galactic rotation), since any HISA requires background H I emission at the same radial velocity as the absorbing gas. The detection of so much HISA over such a large area indicates this situation is widespread.
Low-amplitude HISA appears almost ubiquitous, arising nearly everywhere that T U is bright enough for HISA detection (Fig. 3) . By contrast, darker HISA is more concentrated in both space and velocity, collecting in complexes that often resemble molecular clouds in their structure. Quite strong absorption is found at velocities consistent with both Local and Perseus arm gas, although at very different longitudes. In this paper, "strong" simply means large |∆T |, which could be caused by a variety of factors in Equation (1).
The strongest HISA is at low velocities and low longitudes, where it coincides with three large CO complexes described by Dame & Thaddeus (1985) : the nearby Cyg OB7 and Cyg Rift complexes and the more distant Cyg X complex that lies beyond the Rift along the tangent of solar motion. The Local arm (v LSR > −20 km s −1 ) also has HISA at higher longitudes, including the Local HISA Filament of Paper I, but this is generally much weaker. Whether there is less cold H I here is unclear, since T U < 70 K in many areas.
Strong HISA is also found in the Perseus arm (−20 km s −1 > v LSR > −70 km s −1 ), mostly at high longitudes. The Perseus HISA Complex of Paper I is now revealed as one of a chain of HISA complexes over a large longitude range. Many sight lines within these detected HISA structures have no corresponding CO detection (Paper I), but the HISA velocity distribution is close to that of Roberts' (1972) Perseus arm spiral shock (Gibson 2002 ), a point we shall revisit in §4.
We find little HISA of any kind for v LSR < −70 km s −1 , and only then for ℓ 100
• . This HISA is probably in the Outer arm, although the Outer/Perseus boundary is difficult to determine for 90
• ℓ 100
• . In this part of the Galaxy, HISA detections are limited by T U < 70 K in most areas (Fig. 3) , and where T U > 70 K, much of the background H I emission is too finely structured for our search to detect large-scale HISA. As a result, the large HISA shell of Knee & Brunt (2001) is missed, and only a handful of small features are found. More Outer-arm HISA may remain undetected, and still more cold H I may lack sufficient background emission to self-absorb at all.
Catalog of Major Features
The high resolution and large area of the CGPS allow the thorough mapping of known HISA features and the discovery of many new ones. We define "features" as HISA voxel (volume-pixel) clusters in (ℓ, b, v) that may or may not correspond to physical "clouds". Cautious interpretation is required, because shadow images do not give a complete picture of reality (Plato 360 BC) . Our HISA features may arise from discrete clouds of cold H I, from cold H I concentrations within H 2 clouds, from portions of either where the background H I is bright enough for HISA to arise, or from sight-line superpositions of any of these sharing the same radial velocity.
We have compiled a catalog of the most significant HISA features found by our search algorithms in the CGPS. Using the full-survey ∆T (ℓ, b, v) data cube ( §3.1), we identified contiguous groups of HISA voxels as features, in the same fashion used for T U estimation. To minimize HICA contamination, all sight lines with T C > 20 K were excluded. This process identifies thousands of features, most of which are small, low-amplitude "fluff". The larger, darker features have complex structure that often intertwines with or surrounds neighboring features in 3-D. Since such cases suggest a physical relationship, we have simplified the catalog by merging any two features together if the (ℓ, b, v) boxes containing each feature overlap and both features satisfy a minimum size requirement. Each feature to be merged must have a HISA (ℓ, b, v) volume of ≥ 0.1 deg 2 km s −1 = 4851 CGPS voxels. This restriction keeps the widespread fluff from joining all of the detected HISA into a few unrealistically large features that, e.g., include HISA in both the Local and Perseus arms.
The most significant features in this merged catalog, defined as those for which the HISA volume is also ≥ 0.1 deg 2 km s −1 , are marked in Figure 4 . There are 69 such features. If we apply the §3.2 criteria for spiral arm membership, 11 features are Local arm, 50 are Perseus arm, and 8 are Outer arm members. All 69 contain at least some high-|∆T | voxels, but we do not require feature voxels to have a minimum |∆T |, since this would identify only feature "cores" rather than whole features. ∆T varies across even the most obvious and coherent features, and strong HISA voxels are almost always enveloped in weaker HISA, especially near feature (ℓ, b, v) edges. Table 1 lists these Galactic HISA (GHISA) features with measurements of position, extent, (ℓ, b, v) volume, (ℓ, b) area, 3-D integrated absorption, mean and maximum absorption, mean T U , and three "diagnostics" of completeness and reliability described in §3.4. Derived properties like T S and N HISA will be considered in a separate paper. The features do not fill their extents solidly; volume filling factors, defined as the volume of HISA voxels divided by the product of the ℓ, b, and v extents, are ∼ 3 − 30%, with the larger features having lower filling factors on average. This clumpiness is also reflected in the contiguous extents, which although not tabulated are ∼ 2 ′ − 5 ′ and ∼ 2 − 3 km s A comparison against past HISA studies in the CGPS region shows that ours reproduces most prior detections while yielding an abundance of new features. Table 1 notes past observations of each feature, and Table 2 summarizes previous HISA work in the CGPS region, including the numbers of past features we have found. Of those that we miss, only two from Read (1980) have T U > 70 K; these have T U ∼ 85 K instead, where model tests in Paper III show that our detection sensitivity is high but not 100%. More striking is that the majority of CGPS features in Table 1 Table 1 were detected before the CGPS, and only 7 were even partially mapped. None has been mapped as thoroughly as in the CGPS.
A few caveats on the interpretation of these features should be emphasized. First, as noted above, velocity crowding may superpose unrelated absorption along the line of sight, especially near the Local-arm tangent in Cygnus (75
• , |v LSR | 20 km s −1 ). Second, despite the merging of some proximate features, T U variations may artificially fragment large clouds into multiple features or limit their apparent extent, and the survey edges themselves may truncate some features (e.g., GHISA 079.88+0.62+02, GHISA 091.90+3.27−03, GHISA 145.01+0.46−35, or GHISA 145.81+0.96−36). Finally, the CGPS HISA has a very complex structure, and feature definitions under such circumstances are somewhat subjective. In particular, the choice of merging criteria affects the size and number of major features identified, since if smaller features are allowed to merge, fewer and larger features result. We sought criteria that mimic the eye's identification of features. These criteria were applied algorithmically to ensure precise measurements and uniform treatment.
Reliability and Completeness
The software performance measures f det and f true can be used to assess the reliability and completeness of particular HISA feature detections. For reliability, the observables ∆T , T U , ∆θ, and ∆v are measured at each HISA voxel (ℓ, b, v) position, and the f true value corresponding to these coordinates in the 4-D parameter space is assigned to f true (ℓ, b, v) . For each feature in Table 1 , we determined the fractions of its HISA volume and 3-D integrated absorption that are reliably detected as
and A similar analysis of detection completeness in terms of f det is not possible, because convergent drifts (e.g., ∆∆θ ∝ −∆θ) prevent the recovery of the HISA input properties (∆T in , T U in , ∆θ in , ∆v in ) upon which f det depends. However, completeness can be partially assessed in terms of the measured property T U out ; for features of appreciable size and strength, ∆T U converges symmetrically about T U = 80 K (Paper III), and thus T U out ∼ T U in near 80 K. Table 1 lists T U , the average T U out per voxel, and φ U , the fraction of voxels for which T U out ≥ 80 K. f det > 0.8 for reasonably strong features with T U in > 80 K but declines rapidly for lower T U in (Paper III). Although the amount of undetected HISA cannot be quantified, 1 − φ U gives the fraction of each feature lying where significant HISA might be missed. For example, GHISA 139.01+0.96−40 (the Perseus HISA Complex of Paper I) offers few opportunities to hide strong, undetected HISA. By contrast, GHISA 091.90+3.27−03 has a much lower φ U , and its high-latitude edge is definitely truncated by T U < 70 K. For the entire CGPS HISA set, T U = 92.29 K and φ U = 0.75.
A Remarkably Large, Strong Feature
GHISA 091.90+3.27−03 is one of the most striking HISA features in the CGPS, as shown in Figures 1, 4 , and 5. It has the strongest maximum absorption (−80.72 K) in the survey and the strongest average absorption (−24.02 K) of any major feature. It also has the largest area of apparent "solidity", with contiguous HISA extents of 2
• in ℓ and b. This dark center covers a few square degrees, but it is surrounded by subtle knots and filaments over much larger area, and the feature can even be traced beyond the CGPS boundaries to b ∼ +6
• in the single-dish surveys of Hartmann & Burton (1997) and Higgs & Tapping (2000) . As indicated in Tables 1 & 2 , GHISA 091.90+3.27−03 has been studied by several groups and mapped with 25m-class telescopes. It coincides with the dust cloud complex Kh 141 (Khavtassi 1960 ) and many Lynds (1962) dark nebulae, including LDNe 999, 1002, 1005, and 1029. It may also be associated with other dust clouds over a wider area, since it appears to be part of the large Cyg OB7 giant molecular cloud complex mapped in 12 CO by Dame & Thaddeus (1985) . Its HISA-CO correspondence is illustrated in Figures 5 and  6 . This feature may be related to the even larger, but more diffuse, GHISA 079.88+0.62+02 complex to the west, which also has significant dust content (e.g., LDN 906). (Saito et al. 1981) in different parts of the feature. However, the gas mass is probably dominated by H 2 . For a mean molecular weight per H 2 molecule of 2.76 m H , Dame & Thaddeus's (1985) results imply an average molecular column of N H 2 ∼ 2.3 × 10 21 cm −2 . Our measured HISA column represents only ∼ 0.19 −14% of the mass in the total gas column. Dame et al. (1987) estimated the total Cyg OB7 mass as ∼ 7.5 × 10 5 M ⊙ for a distance of ∼ 800 pc.
HISA Distribution Analysis
We now consider general trends in the distribution of HISA in the CGPS and their significance. Of particular interest is the relationship between HISA and Galactic structure. We begin with a quantitative discussion of how common HISA is in our survey and what implications this may have for the general picture of the interstellar medium.
Covering and Filling Fractions
HISA is found in 3.8% of the CGPS voxels that have T U > 70 K, T C ≤ 20 K, and adequate mosaic weighting as defined in §3.1.1. 21% of the (ℓ, b) sight lines passing through this searchable volume have detected HISA, and 47% of the (ℓ, v) positions have detected HISA. A relatively small part of the CGPS volume is searchable for HISA, because T U is high only in particular regions. However, this portion is still large enough to explore significant characteristics of the HISA distribution in the outer Galaxy. Detection reliability does not significantly affect these results, since η V = 0.80 for the full survey ( §3.4).
A 3.8% occupation of the (ℓ, b, v) volume may seem low, but in fact this is quite a large fraction: it implies a linear filling factor of 0.038 1/3 ∼ 0.33 in each dimension for a uniformly random distribution. These values are almost certainly lower limits, since f det ≪ 1 for |∆T | ≪ T rms , and the abundance of HISA with |∆T | ∼ T rms (Paper III, Fig. 11 ) suggests that fainter HISA may be at least as common as HISA at the noise level. Figure 7 plots the relative incidence of all CGPS HISA voxels with |∆T | above a given threshhold. Curves are given for all voxels and for those with f true ≥ 0.90 and 0.99. The latter two respectively eliminate about one-half and about two-thirds of the total voxel count, mostly at the weak |∆T | end where noise contamination is significant. These curves may be rescaled by the occupation fractions listed above to find the fraction of the survey that contains HISA of a particular minimum strength. For example, the volume occupied by reasonably strong HISA with |∆T | > 25 K is ∼ 10% that of the total HISA population, while HISA with |∆T | > 50 K accounts for less than 1% of the total.
Simplisticly, we might assume that the HISA census is complete above some |∆T | level and extrapolate linearly in log space to lower |∆T | to find the amplitude for which the volume filling reaches 100%. E.g., for |∆T | complete ∼ 10 K, we find |∆T | f illed ∼ 0.1 K. This extrapolation is not very trustworthy, since it neglects ∆∆T and the more complicated dependences of f det , but it suggests that at low enough (sub-Kelvin) amplitudes, HISA may be truly ubiquitous. Previously, Dickey & Lockman (1990) proposed that faint HISA may cause much of the structure in low-latitude Galactic emission profiles, and Dickey et al. (2003) have argued that HISA occurs in most H I spectra, even if it is not always detectable. Our CGPS HISA census is consistent with these views. At the very least, our survey approaches the confusion limit for HISA detections.
Weak and Strong HISA
As noted above, HISA with low |∆T | is more frequent and more smoothly distributed, while stronger HISA is more rare and more clumped into distinct features. This behavior can be inferred from the ∆T maps in Figure 1 , the incidence curves in Figure 7 , and the loose (∆T , ∆θ) and (∆T , ∆v) property correlations in Paper III, Figure 11 . Figure 8 shows the relationship between HISA amplitude and scale more explicitly. Here we plot the RMS dispersions σ ρ and σ v of the angular and velocity separations between voxel pairs in the survey. For every HISA voxel in every CGPS mosaic, the distances to its HISA neighbors along lines of constant ℓ, b, and v were measured, and RMS variations of these measurements were binned by |∆T | min , the absolute amplitude of the fainter of the two voxels in question. The results, combined for all 36 mosaics, show that weak HISA is more diffusely distributed than strong HISA in both space and velocity. This is not a contradiction of the loose correlation of |∆T | with ∆θ and ∆v in Paper III, Figure 11 , since those measured contiguous rather than general extent. Instead, the two trends together imply that strong HISA is concentrated into more solid complexes, while weak HISA is spread out in a more porous fashion.
The maximum dispersion scales for the weakest HISA are ∼ 2
• and ∼ 5 km s −1 . Once |∆T | min exceeds the H I noise level of ∼ 6 K, both dispersions drop steadily, with the steepest descent near ∼ 20 K. At higher amplitudes, the descent slows and approaches pseudo-asymptotes of ∼ 0.75
• and ∼ 0.8 km s −1 The former is a typical scale for strong HISA features, while the latter corresponds to a 1-channel separation. Above ∼ 65 K, angular coherence is lost, the features break into smaller pieces that quickly approach the beam scale, and even 1-channel separations start dropping out when only the maximum absorption channel is sampled. When converted to Gaussian FWHM, the maximum velocity scale approaches the velocity width of the brightest part of a spiral arm in H I emission, and the minimum velocity scale approaches the narrowest linewidths that can be sampled by the CGPS. Angular FWHM are less physically meaningful since the HISA angular structure is complex, but the maximum angular scale is consistent with the ∼ 5
• size of the CGPS mosaics in which the measurements were made, implying that the weakest HISA has no preferred angular distribution either. Thus, the general trend in both angle and velocity is from weak HISA "fluff" ( §3.3) dispersed over the entire measurable area down to discrete, strong HISA features.
The curves in Figure 8 include the entire CGPS HISA data set, but similar trends are seen in different spiral arms when analyzed separately, or at different longitudes in different mosaics. Only the range of strongest absorption and the scale of maximum dispersion change from one location to another. For example, the Local-arm dispersions are larger in both angle and velocity than the Perseus-arm dispersions, and more strong HISA is found in the Local arm, at least in GHISA 079.88+0.62+02 and GHISA 091.90+3.27−03.
Probing the Gas Kinematics
HISA offers a unique opportunity to study gas motions in the outer Galaxy, because its radiative transfer requires background emission at the same radial velocity as the absorbing H I. HISA detections with 90
• < ℓ < 270
• require departures from pure circular differential rotation, which predicts only one distance per v LSR in this longitude range, apart from the degeneracy at ℓ = 180
• . Two types of CGPS HISA are found: (1) strong HISA with its accompanying weak (ℓ, b, v) envelopes, and (2) unassociated "fluff" that makes up the rest of the weak HISA population. We suggest that these two types are produced by different mechanisms.
Turbulence
Turbulence adds small-scale, random perturbations to the Galactic velocity field. These are likely to be very common but should have small velocity amplitudes and little spatial coherence. Turbulence may also produce cold gas for absorption via departures from equilibrium conditions (e.g., Sánchez-Salcedo, Vázquez-Semadeni, & Gazol 2002; Jenkins 2004) . We propose that turbulent (T, v) fluctuations are the source of the weak HISA "fluff" in the CGPS. The fluff lacks coherent large-scale structure, and it occurs in all parts of the CGPS where T U > 70 K, suggesting that it is ubiquitous and well-mixed with the general H I.
Turbulence cannot explain the strong HISA and weak envelopes; this absorption is concentrated into discrete and often large-scale features with well-defined edges. Although brighter T U makes it easier to see, such HISA does not appear everywhere that T U is bright enough, so a more organized process than turbulence is needed. The large amplitude of strong HISA is also problematic for the turbulent explanation. High |∆T | can result from a high T C , T U , τ , or p or a low T S (Eq. 1). High T C is rare in CGPS HISA, and we have excluded it where it might affect our analyses. ∆T and T U are poorly correlated at best (Paper III, Fig. 11 ), and neither T U nor p is likely to change abruptly and frequently enough to produce the sharp edges of strong HISA features. Thus strong, discrete HISA must arise from significant changes in τ , T S , or both. In practice, these absorption enhancements resemble clouds or cloud complexes.
Spiral Density Waves
Spiral density waves add large-scale, organized perturbations to the Galactic velocity field. These are less common than turbulent fluctuations but should have large velocity amplitudes and significant spatial coherence. They may also be a natural source of cold gas. Spiral waves and their associated shocks have long been thought to drive the formation of dense interstellar clouds and massive stars in galactic disks (Lin & Shu 1964; Roberts 1969; Shu et al. 1972) , but the full details of the gas dynamics and evolution are complex and difficult to study. In face-on external galaxies, spiral structure is simple to observe, but spatial resolution is limited by distance (e.g., M81: Adler & Westpfahl 1996) . By contrast, spatial resolution is much better in the Milky Way, but our internal perspective makes the line of sight geometry difficult to untangle. HISA's sensitivity to velocity reversals is an asset in this situation.
The nearby Perseus arm gives a detailed view of spiral structure and the density wave phenomenon. Roberts (1972) modeled the gas distribution and kinematics in the Perseus spiral shock. Figure 9 illustrates his model's gas density and velocity vs. distance along the line of sight and the (ℓ, v) distribution of the gas passing through the arm. HICA studies have presented evidence in support of this model in a few sight lines toward bright continuum sources (Greisen 1973; Greisen & Lockman 1979; Frail & Hjellming 1991; Normandeau 1999; Brunt et al. 2002) . A more complete picture of the velocity reversal is possible with HISA, which has a much more extensive background than HICA. In the CGPS, strong Perseus HISA is visible over a wide area (e.g., Fig. 1 ), as would be expected for a neighboring spiral arm. Figure 10 compares the (ℓ, v) distribution of strong (|∆T | > 20 K) HISA to the spiral "shock ridge" of Roberts (1972) . In his model, the gas slows as it enters the arm shock, reaches a maximum negative-velocity departure from the standard rotation curve speed, and then rebounds toward a positive-going "velocity hill" and the normal rotation speed as it moves on through the rest of the arm and out the back (Fig. 9) . We propose that the strong HISA is in or slightly downstream of the shock ridge, the point just behind the shock where the gas is densest, and that H I emission on the far side of the velocity hill serves as a background with the same velocity as the absorbing gas. In support of this assertion, most of the strong Perseus HISA lies on the shock ridge or at more positive velocities for 110 (Fig. 10) . Considering that the shock model does not address structural inhomogeneities in the ISM (e.g., Roberts 1993 and references therein), the agreement is quite reasonable; even without prior lumpiness, the shock process itself is expected to introduce some (ℓ, v) structure in the cold gas distribution (Koyama & Inutsuka 2002) .
The Local arm is a more ambiguous case. Its two largest features, GHISA 079.88+0.62+02 and GHISA 091.90+3.27−03, are associated with known CO complexes either near the Sun or along the Local arm tangent. The local CO clouds are identified with the Great Rift system of dust clouds (Dame & Thaddeus 1985) , which may be related to a ring of expanding material in Gould's Belt (Lindblad 1967; Lindblad et al. 1973) . Alternatively, GHISA 091.90+3.27−03 has been suggested to trace a spiral shock in the Local arm (Simonson & van Someren Greve 1976) . This scenario conflicts with that of a Local arm shock in the Galactic center direction (Quirk & Crutcher 1973) , but it is consistent with stellar streaming results (Sitnik & Mel'Nik 1999) and naturally explains the presence of background H I emission with the same velocity. However, the Local arm is probably not a major spiral feature, and the dynamics of its stars and gas may instead have been shaped by passage through a "real" spiral arm 100 Myr ago (Olano 2001 ).
Whichever picture is correct, the presence of background emission at the right velocites must be explained. While the tangent of Solar motion enhances HISA visibility in some areas, it is not clear that the tangent can provide adequate backgrounds for all of the strong Local HISA; e.g., most of GHISA 091.90+3.27−03 has ℓ > 90
• . A Local spiral density wave shock might provide backgrounds at such longitudes, but no quantitative model predictions are available to compare against the CGPS HISA data.
As a general caveat, we note that one well-organized shock per arm may be simplistic: non-grand-design galaxies may have more flocculent shock structure, as suggested by the multiplicity of dust lanes in Hubble Space Telescope images of the backlit galaxy NGC 3314 (Keel & White 2001) , and even some presumably grand-design spirals may be more complicated (e.g., M51: Henry et al. 2003) . The Milky Way is unlikely to be a grand-design spiral, and arguments for multiple shocks in the Perseus arm H I data have been made (Brunt et al. 2002) .
HISA features in the inner Galaxy have also been proposed to trace spiral shock material (Sato et al. 1992; Minter et al. 2001; McClure-Griffiths et al. 2001a ). More recently, Gibson et al. (2004) reported HISA tracing what appears to be several spiral arms over a large longitude range in the inner Galaxy. These results will be presented in more detail in a separate paper on HISA mapped with the VLA Galactic Plane Survey (S. J. Gibson et al., in preparation) .
An Evolutionary Scenario
Strong HISA requires high τ , low T S , or both ( §4.3.1). The strong Perseus HISA (ℓ, v) distribution appears to trace cold H I immediately downstream of the spiral shock described by Roberts (1972) . Passage through a spiral density wave could cause a drop in gas temperature and an increase in density relative to the ambient diffuse atomic medium.
In the classical picture, neutral atomic gas enters the trailing edge of a spiral arm and is decelerated and compressed in the spiral shock; its increased density then leads to rapid cooling, H 2 condensation (e.g., Koyama & Inutsuka 2000; Bergin et al. 2004) , and star formation. Elements of this process have been studied by Heyer & Terebey (1998) in CO and H I emission in the W3/4/5 region of the Perseus arm, and HISA in this area has been proposed to trace sites of molecular formation (Hasegawa et al. 1983; Sato 1990 ). The CGPS allows this phenomenon to be investigated over a much wider area. Since the Perseus arm HISA is at the right velocity to trace the cold H I that may be forming H 2 , and it often lacks CO detections at the same positions (Gibson et al. 2000; Gibson 2002) , it may probe the atomic-to-molecular phase transition in the spiral shock environment, or at least H 2 clouds that have not yet formed CO, which could take much longer (Bergin et al. 2004) .
Alternatively, density waves may only concentrate pre-existing molecular gas rather than causing an actual phase transition (Vogel, Kulkarni, & Scoville 1988; Pringle, Allen, & Lubow 2001) . In this picture, HISA does not arise from "pre-molecular" clouds, but instead from purely atomic cold H I clouds or trace H I in preexisting H 2 clouds that have been "piled up" by the spiral density wave without undergoing a phase change. Tilanus & Allen (1991) argued that this is occurring in M51, where the peak H I brightness in the arms falls slightly "downstream" of the densest regions traced by CO and nonthermal radio continuum emission. However, they noted that their interpretation could be altered if the densest regions contained cold, finely-structured H I, which would not dominate the brightness temperature. Our CGPS HISA results indicate that this is quite plausible. Tilanus & Allen's (1991) H I observations were not sensitive to spin temperatures of 14 − 45 K, which are similar to those found for strong Perseus HISA in Paper I, and their physical resolution of 590 × 820 pc 2 in M51 would cover a 14 × 19 deg 2 area of the Perseus arm at a distance of 2.5 kpc; this is several times larger than the ∼ 60 deg 2 integrated (ℓ, b) area of the CGPS Perseus HISA. Still, even if considerable cold H I is hidden in the spiral shock regions of M51, it is a separate question whether this H I is in mostly atomic or mostly molecular clouds; if the latter, the phase change picture remains open to question.
We will explore these issues in greater detail in a separate paper investigating the gas properties and degree of molecular association of the CGPS HISA (Gibson et al. 2005b) .
Conclusions
In this paper, we have presented a comprehensive survey of H I self-absorption (HISA) features in the initial 73
• phase of the arcminute-resolution Canadian Galactic Plane Survey (CGPS). The CGPS HISA is a new tool for examining the detailed structure and distribution of cold H I clouds in a large area of the outer Galactic disk.
Using CLEAN-based spatial and spectral filter algorithms and full 3-D interpolation of the OFF-feature brightness to estimate the unabsorbed intensity along the feature sight line, we extracted a set of HISA features that extend over the entire area of the survey where conditions allow detection, with sensitivity limits consistent with the noise and resolution properties of the H I data.
We compiled a catalog of contiguous, isolated features exceeding a minimum total absorption threshhold. A comparison of this catalog against prior HISA studies within the CGPS borders shows that we reproduce the majority of prior discoveries, with misses generally due to faint backgrounds occurring outside the range of our defined search parameters. At the same time, we identify a large number of new features not previously reported and image all HISA features in unprecedented detail. Small HISA structures can now be examined in the context of larger ones, and many trends in the general distribution become clear, such as the the concentration of strong HISA into a couple of very large complexes at Local velocities, and a similar concentration of strong HISA into a long series of complexes in the Perseus arm.
Statistically, the HISA detections fill a significant fraction of the searchable volume and suggest that the faintest HISA may be ubiquitous in the Galactic plane. This weak HISA "fluff" also appears to have little large-scale coherent structure in space or velocity but is as widespread as the available backgrounds allow. By contrast, strong HISA, which is much less abundant, is concentrated into larger, more discrete, and relatively solid structures.
Although the weak fluff and strong features occur within a continuum of amplitudes and other properties, we suggest they are made visible by two separate mechanisms. Physically, the weak fluff may be interpreted as a low-intensity population of small, slightly cool features scattered throughout the ambient ISM, which are produced and revealed by turbulent fluctuations in temperature and velocity. The strong HISA, on the other hand, requires significant density enhancements and/or very cold gas to produce its large absorption amplitudes, and it needs a large-scale background at the right velocity to absorb against in the outer Galaxy. We propose that the velocity reversal of the Perseus arm's spiral density wave provides the background for the strong HISA in this location, while the strength of the absorption is due to compression and cooling from the spiral shock. Spiral arms have long been thought to host the transformation of atomic gas into molecular clouds prior to forming new stars, but this has been very difficult to study in our own Galaxy. If HISA is revealing cold H I evolving into H 2 in a nearby spiral arm, this offers the exciting prospect of examining the molecular condensation process in great detail. This paper is the second in an ongoing series investigating HISA at high resolution in the Galactic plane. A companion paper (Paper III) describes the HISA search and extraction algorithms at length, along with detailed evaluations of their reliability and completeness. A subsequent paper will analyze the CGPS HISA and CO distributions together and the gas properties implied for the HISA by available constraints. A separate survey of the VGPS HISA in the inner Galaxy is also in preparation, as are extensions to the CGPS HISA survey coverage with new H I observations. We thank W. McCutcheon, T. Landecker, and J. Stil for a number of useful discussions on this project, and the anonymous referee for constructive comments on the manuscript. W. Roberts graciously allowed the reproduction of the plots in Figure 9 , T. Dame generously provided the CO survey data used in Figures 5 & 6 , and S. Strasser kindly made available the 21cm continuum maps used in Figure 2 . We are very grateful to R. Gooch for tireless computing support, including continued expansion of the capabilities of the Karma visualization software package (Gooch 1996) 3 , which was used extensively for this work. The Dominion Radio Astrophysical Observatory is operated as a national facility by the National Research Council of Canada. The Canadian Galactic Plane Survey (CGPS) is a Canadian project with international partners. The CGPS is described in Taylor et al. (2003) 4 . The main CGPS data set is available at the Canadian Astronomy Data Centre 5 . The CGPS is supported by a grant from the Natural Sciences and Engineering Research Council of Canada. Wendker, H. J., & Wrigge, M. 1996, A&A, 305, 592 Wolfire, M. G., McKee, C. F., Hollenbach, D., & Tielens, A. G. G. M. 2003, ApJ, 587, 278 This preprint was prepared with the AAS L A T E X macros v5.2. ′ mosaic edge clipping, synthesis field weight clipping, and possible contamination from 21cm continuum emission. The background image shows all HISA detections over the (ℓ, b) area of the survey (see Fig. 1 for a more detailed view). Contours around the periphery indicate the boundaries set by the two clipping requirements. Additional contours scattered throughout the interior of the survey outline regions where the continuum brightness T C is ≥ 20 K, using matching-beam continuum maps provided by S. Strasser. See text for discussion. • , b = +2.85
• ) marks the area from which the spectra in Figure 6 were taken. The feature extraction is truncated for b +4.5
• due to T U < 70 K (see §3.1 and Fig. 3 ). • , b = +2.85 • ). Shown are H I emission, HISA ∆T , and 12 CO J = 1−0 emission from Dame et al. (2001) . For clarity, the ∆T zero-point has been shifted to 160 K, and the CO brightness has been multiplied by 10. Fig. 7. -The relative incidence of HISA voxels in the CGPS for a minimum |∆T | and a minimum f true . 49% of all voxels have at least 90% reliability, and 31% have at least 99% reliability. This cumulative plot peaks at |∆T | min → 0, but few voxels are this faint; the ∆T distribution itself peaks at ∼ −10 K (see Paper III, Fig. 11 ). • pitch angle and 130
The observer is at left; gas flows from left to right, overtaking the Perseus arm from behind. The smooth solid line is from an equilibrium Schmidt (1965) rotation model. The dashed line shows a linear density wave model, and the solid line with the discontinuity at ∼ 2 kpc is the TASS model, with a ±8 km s −1 dispersion band marked with dotted lines. The symbols mark various spiral arm tracers. Right: (ℓ, v) plot of predicted gas emission brightness temperature for the same TASS model. The dashed line marks the "shock ridge" (region B in the lower-left panel), where dense gas occurs just behind the shock. For full details, see Roberts (1972) . Roberts (1972) is marked over all longitudes that overlap with the CGPS (see Fig. 9 ).
